lmmunofluorescence microscopy and in situ hybridization were used to examine the expression of genes encoding C4 photosynthetic enzymes during early leaf development in the C4 dicotyledonous grain plant amaranth. During early developmental stages, the chloroplast-encoded large subunit and nuclear-encoded small subunit genes of ribulose-1,8bisphosphate carboxylase/oxygenase (RuBPCase) were expressed in both bundle sheath and mesophyll cells in a C3-type pattern. The RuBPCase proteins and mRNAs became specifically localized to bundle sheath cells in the characteristic Cctype pattern as the leaves continued to expand and develop. Changes in the localization of the RuBPCase proteins corresponded closely with changes in the localization of their mRNAs, indicating that the cell-specific expression of genes encoding RuBPCase is controlled, at least in part, at the level of transcript accumulation. Genes encoding pyruvate orthophosphate dikinase were expressed specifically in mesophyll cells at all developmental stages examined. lmmunolocalization with antibodies raised against phosphoenolpyruvate carboxylase (PEPCase) showed that this enzyme is present only in leaf mesophyll cells, even though RNA sequences with homology to PEPCase gene sequences were present in both bundle sheath and mesophyll cells. These results suggest that the regulation of genes encoding PEPCase in amaranth is complex and could involve the differential expression of divergent PEPCase genes or possibly regulation at the post-transcriptional level.
INTRODUCTION
Higher plants may be divided into two groups depending on the mechanism utilized for photosynthetic carbon assimilation. Photosynthesis in C3 plants involves only one photosynthetic cell type, and in these plants the primary carbon fixation enzyme is ribulose-1 ,Bbisphosphate carboxylase/oxygenase (RuBPCase). In contrast, C4 plant species such as the dicotyledonous amaranth or the monocotyledonous maize possess a Kranz-type leaf anatomy consisting of mesophyll and bundle sheath cells, which differ in their photosynthetic activities (Hatch and Slack, 1970; Edwards and Huber, 1981) .
In C4 plant species, RuBPCase is localized primarily in bundle sheath cells of mature, light-grown leaves. In these plants, the initial fixation of atmospheric C02 into C4 acids is accomplished by the enzyme phosphoenolpyruvate carboxylase (PEPCase), which is found only in mesophyll cells (Hatch and Slack, 1970; Edwards and Huber, 1981) . C4 acids produced in the rnesophyll cells are transported to the neighboring bundle sheath cells where COn is released for refixation by RuBPCase. The C4 pathway thus acts as a "C02 pump" to concentrate C02 in the vicinity of RuBPCase and
To whom correspondence should be addressed. reduce phottirespiration caused by the oxygenase activity of this enzyme. Plants that utilize the C4 pathway are, therefore, more efficient photosynthetically than C3 plants, which use RuBPCase directly for carbon fixation (Laetsch, 1968; Hatch, 1978; Edwards and Huber, 1981) .
C4 photosynthesis requires cooperative interactions between mesophyll and bundle sheath cells and selective cell type-specific expression of genes encoding the C4 enzymes. In the C4 monocot maize, it has been found that the cell type-specific expression of C4 pathway genes is controlled by cell position within the leaf and by light (Sheen and Bogorad, 1986 , 1987a , 1987b Langdale et al., 1987 Langdale et al., , 1988a Langdale et al., , 1988b Nelson and Langdale, 1989) . The control of C4 gene expression in both bundle sheath and mesophyll cells appears to act primarily at the level of transcriptional regulation (Langdale and Nelson, 1991; Langdale et al., 1991) . However, the bundle sheath cell-specific expression of RuBPCase in maize could be due, in part, to regulation at the posttranscriptional level (Sheen, 1990; Schaffner and Sheen, 1991) . Our previous work demonstrated that light-mediated regulation of RuBPCase in the dicotyledonous C4 plant amaranth is complex and involves regulation at the level of transcript accurnulation as well as at translational initiation and elongation steps (Berry et al., 1986 (Berry et al., , 1988 ). It is possible that similar transcriptional and post-transcriptional mechanisms could also control the cell type-specific expression of photosynthetic genes in amaranth.
A pronounced difference between dicot and monocot C4 species lies in leaf development and spatial organization. The leaves of monocots are derived from the two outer layers of the shoot apical meristem (Steeves and Sussex, 1988) . Cell divisions originating from a meristem at the base of the leaf produce a linear, synchronized gradient of cells, with the youngest cells at the base and the oldest at the tip. In contrast, dicot leaves are derived from three layers of the shoot apex (Sunderland, 1960; Scott and Possingham, 1982; Poethig, 1987; Steeves and Sussex, 1988) . In dicot leaves, cell division generates lineages of cells that show some developmental polarity from the base to the edge of the leaf. In dicots, however, the processes of cell division and expansion overlap in such a way that at any stage of development the dicot leaf consists of a mosaic of cells of varying volumes and in different phases of development, rather than the strict developmental gradient present in monocot leaves.
There are a number of physiological, structural, and developmental characteristics that distinguish the C4 photosynthetic pathway of amaranth from that of maize and other C4 monocots. For example, amaranth utilizes a mitochondrial NAD-malic enzyme for decarboxylating malate in bundle sheath cells, whereas maize utilizes a chloroplastic NADPmalic enzyme for this function. In addition, amaranth has bundle sheath chloroplasts that are located in the centripetal position of the cell (in toward the vascular tissue when viewed in cross-section) with well-developed grana and normal photosystem II activity (Laetsch, 1968; Guttiérrez et al., 1974) . This is in contrast to the situation in maize, where the bundle sheath chloroplasts are located in the centrifugal position (outer part of the cell away from the vascular tissue), are agranal, and lack many polypeptides associated with photosystem II (Guttiérrez et al., 1974; Broglie et al., 1984; Schuster et al., 1985) .
Because of the many variations between C4 dicots and monocots, differences between these two groups in the morphogenesis of Kranz anatomy, the development of C4 capacity, and the regulation of genes encoding C4 photosynthetic enzymes might be expected. In this report, we have examined the cell type-specific expression of genes encoding severa1 C4 photosynthetic enzymes in amaranth to determine how these genes are expressed and what mechanisms might regulate their expression during leaf development. Bundle sheath cell-specific gene expression was examined using the chloroplast-encoded large subunit (LSU) and the nuclearencoded small subunit (SSU) of RuBPCase. Mesophyll cellspecific gene expression was examined using PEPCase and pyruvate orthophosphate dikinase (PPdK), an enzyme that synthesizes the substrate for PEPCase. We report here that genes encoding these three enzymes exhibit unique and unexpected patterns of expression during early stages of amaranth leaf development.
RESULTS

Leaf Development and Kranz Anatomy in Amaranth
For these studies, the first and second leaves after the cotyledons from 8-to 9-day-old seedlings were analyzed. Figure 1A shows an early developmental stage when these leaves were 5 mm in length. Figure 1B shows a later developmental stage when the leaves were 10" long. Crosssections were taken from regions midway between the leaf base and the leaf apex. In these Nomarski differential interference contrast micrographs, the central vein can be observed at the notch of the V-shaped sections. There is approximately a 24-to 36-hr difference between the 5-and 10-mm stages. At the 5-mm stage, the leaves were still partially folded, whereas at the later stage the leaves had completely unfolded. During this period, the leaf cells increased in size and developed larger vacuoles.
In both 5-and 10-mm leaves, Kranz anatomy was apparent.
The morphology of the amaranth leaves at both stages was characteristic of NAD-ME type C4 dicots, as described in earlier studies (Laetsch, 1968; Gutiérrez et al., 1974) . Around each vascular center was a single layer of bundle sheath cells, with one or more layers of mesophyll cells surrounding each ring of bundle sheath cells. In mesophyll cells, the chloroplasts were evenly distributed around the edges of the cells, whereas in bundle sheath cells the chloroplasts were larger and clustered together in the centripetal position (in toward the vascular tissue). In both 5-and 10-mm leaves, the bundle sheath cells appeared to have nearly all of their cytoplasm, including chloroplasts and mitochondria, concentrated against the cell edge adjacent to the vascular center.
Cellular Localization of C4 Enzymes in Developing Leaves
The cell type-specific accumulation of severa1 C4 pathway enzymes in amaranth leaves was investigated by immunofluorescence microscopy. Polyclonal antisera against RuBPCase LSU and SSU, PEPCase, and PPdK were used to determine the localization of these C4 enzymes in 5-and 10-mm amaranth leaves. Figure 2 shows seria1 sections from these leaves that were prepared and incubated with the indicated primary antisera, then with R-phycoerythrin-conjugated second antibody. Specific reaction of the antibodies is detected in these photographs as yellow-orange fluorescence, clearly distinct from the normal green autofluorescence of the leaf tissue under a fluorescein isothiocyanate excitation field (Figures 2A and 2E ). In the 5-mm leaves, the two RuBPCase subunits were found in both bundle sheath cells and in mesophyll cells (Figures 26 and 2C) . Although the highest levels of accumulation were observed in the bundle sheath cells, significant levels of LSU and SSU polypeptides were detected in the mesophyll cells as well.
During the short time period of -24 to 36 hr as the leaves expanded from 5 to 10 mm in length, the LSU and SSU polypeptides declined in the mesophyll cells and became specifically localized to the bundle sheath cells ( Figures 2F and 2G ).
In contrast to the RuBPCase LSU and SSU, PEPCase was detected specifically in leaf mesophyll cells in sections from both 5-and 10-mm leaves ( Figures 2D and 2H) . A slight increase in PEPCase levels was observed during this time period, but no change in the localization of the enzyme was observed during these stages of leaf development. Similar results were observed for another mesophyll-specific C4 enzyme, PPdK. PPdK is encoded in the nucleus, although the major form of this enzyme is targeted to the mesophyll chloroplasts (Hauge et al., 1983; Aoyagi and Bassham, 1985) . Antisera against PPdK reacted specifically to the chloroplasts of leaf mesophyll cells at both 5-and 10-mm stages, with no reaction observed in leaf bundle sheath or epidermal cells (data not shown).
The accumulation of these C4 enzymes was detected only in the two major photosynthetic cell types. No accumulation of RuBPCase, PEPCase, or PPdK was detected in upper or lower epidermal cells of the 5-or 10-mm leaf sections. Therefore, the C4 enzymes were specifically localized to the specialized leaf photosynthetic cell types that participate in the C4 pathway.
Cellular Localization of C4 mRNAs in Developing Leaves
The localization of RuBPCase LSU and SSU polypeptides changed during leaf development, becoming more specifically localized to bundle sheath cells as the leaves expanded from 5 to 10 mm in length. To determine how RuBPCase gene expression is regulated during these early stages of leaf expansion, the cellular localization of LSU and SSU mRNAs was analyzed by in situ hybridization of labeled antisense LSU (pBlsl) and SSU (pBasl) RNA probes to serial sections of 5-and 10-mm leaves. In these micrographs, specific hybridization of the Digoxigenin-11-UTP-labeled transcripts is observed as a dark purple color. As a negative control, sense strands generated from these plasmids failed to hybridize with the amaranth leaf sections, as shown in Figures 3A  and 38 .
Transcripts encoding the chloroplast-encoded LSU and nuclear-encoded SSU were present in both mesophyll and bundle sheath cells in sections of 5-mm leaves ( Figures 3C  and 3D ). As was observed with the LSU and SSU polypeptides, levels of both RuBPCase transcripts were slightly higher in leaf bundle sheath cells, although significant levels of both RuBPCase transcripts were present in leaf mesophyll cells as well. At the later 10-mm developmental stage, LSU and SSU transcripts became specifically localized to leaf bundle sheath cells ( Figures 3E and 3F ). Very little, if any, hybridization of either RuBPCase probe could be detected to mesophyll cells of the 10" leaves. Changes in the cellular localization of the RuBPCase LSU and SSU mRNAs, from their occurrence in both photosynthetic cell types at the 5-mm stage to specific localization in bundle sheath cells at the 10-mm stage, correlated closely with changes in the cellular localization of the LSU and SSU polypeptides (compare Figures 2 and 3) . RuBPCase protein and mRNA levels both dropped rapidly and in tandem in mesophyll cells during leaf expansion. Thus, it is likely that regulation at the level of transcript accumulation is at least partially responsible for the cell type-specific expression of the LSU and SSU genes and for the developmentally controlled changes in their expression.
Unlike the RuBPCase polypeptides, PEPCase and PPdK were localized specifically to one cell type, the mesophyll cells, in both 5-and 10-mm leaves. If the localization of these mesophyll-specific proteins is controlled at the level of mRNA accumulation, it would be expected that their corresponding transcripts should be localized specifically in mesophyll cells at both developmental stages examined. In these cross-sections, the central vein can be observed at the notch of the V-shaped sections. Paraffin-embedded serial cross-sections of leaves were first incubated with the indicated primary antiserum and then with phycoerythrin-conjugated second antibody. Specific reaction of the antibodies is detected in these photographs as yellow-orange fluorescence, distinct from the normal green autofluorescence of the leaf tissue under a fluorescein isothiocyanate excitation field. b, bundle sheath cells; m, mesophyll cells; ue, upper epidermal cells; le, lower epidermal cells. Scale is the same for all micrographs. Bar = 100 pM. Sections are from 5-and 10-mm leaves. Sections were prepared and hybridized with labeled LSU or SSU transcripts. Transcripts were synthesized and labeled in vitro with Digoxigenin-11-UTP using T7 or T3 polymerase. Hybridized transcripts were detected using antidigoxigenin antisera conjugated to alkaline phosphatase in combination with a color detection system. In these micrographs, specific hybridization is observed as a dark purple color. The control hybridizations with sense strand RNA probes (A and B) were hybridized and the phosphatase reactions were developed 5 to 10 times longer than in the sections hybridized with specific antisense probe RNAs. Scale is the same for all micrographs. Bar = 100 nM.
As expected, antisense RNA generated from the PPdK gene probe (pApkl) hybridized primarily to mesophyll cells in 5-and in 10-mm leaves, as shown in Figures 4C and 4E . These results correspond with immunolocalization analysis of PPdK protein in the amaranth leaf sections (data not shown) and confirm that PPdK transcripts accumulate primarily in mesophyll cells along with the PPdK enzyme.
Surprisingly, we have observed specific hybridization of amaranth PEPCase antisense RNA probes to bundle sheath cells as well as to mesophyll cells. Figures 40 and 4F show hybridization of antisense RNA generated from a 168-bp EcoRI-Hindlll fragment (pBpe25) from the 5' end of the PEPCase cDNA. ldentical results were observed when the full-length 3.5-kb PEPCase cDNA clone (pApel) was used as an antisense RNA probe (data not shown). These results indicate that RNA sequences with homology to the amaranth PEPCase gene were present in leaf bundle sheath cells as well as mesophyll cells, even though immunolocalization with the PEPCase antibody did not show any of this enzyme to be present in the bundle sheath cells.
Severa1 lines of evidence indicate that the PEPCase probes were hybridizing specifically to PEPCase sequences in the bundle sheath cells of 5-and 10-mm leaves. First, sequence analysis showed that the PEPCase probe pBpe25 represented the 5' end of the amaranth PEPCase cDNA clone. This 168-bp fragment contains 78 nucleotides from the 5' nontranslated region and the first 30 codons of the amaranth PEPCase gene (I? Depowski and J.O. Berry, unpublished results). The coding region of this fragment shows 62.7% identity at the nucleic acid level and 61.7% identity at the protein level with the maize C4 PEPCase clone Zmpepcl (Hudspeth and Grula, 1989 ). This fragment also shows 74.4% and 73.3% identity at the nucleic acid and protein levels, respectively, with a PEPCase clone involved in crassulacean acid metabolism from the dicotyledonous ice plant (Rickers et al., 1989) . Therefore, this probe should be very specific for C4 PEPCase sequences. Second, to eliminate the possibility of nonspecific hybridization from sequences on the pBluescript SK+ poiylinker, the 168-bp fragment was purified, random primer labeled, and used as a probe for in situ hybridization. The DNA fragment showed hybridization to both mesophyll and bundle sheath cells identical to that observed with the antisense RNA probes. Third, all of these probes hybridized to a single band of m3.5 kb on RNA gel blots of total RNA from amaranth leaves (data not shown). Fourth, sense strands generated from pBpe 25 (Figure 48 ) or the full-length 3.5-kb pApel cDNA (data not shown) did not hybridize to the leaf sections or to RNA gel blots. Finally, under identical hybridization conditions, the 3.5-kb PPdK probe did not hybridize to bundle sheath cells, only to mesophyll cells ( Figures 4C and 4E ). These data strongly suggest that the PEPCase probes specifically hybridized to PEPCase RNA transcripts that were present in the bundle sheath cells of 5-and 10-mm leaves.
DISCUSSION
In the dicotyledonous C4 plant amaranth, genes encoding bundle sheath or mesophyll cell-specific proteins show distinct patterns of expression during leaf development. PEPCase and PPdK are specifically localized in mesophyll cells during early and later developmental stages of these tissues.
The LSU and SSU of RuBPCase are present in both cell types early in developmental stages and become increasingly more specific to bundle sheath cells as the leaves expand.
The change in cellular localization of RuBPCase LSU and SSU polypeptides during leaf development, from C3-like accumulation in both cell types to C4-type specific localization in bundle sheath cells, occurs during the relatively short time period of 24 to 36 hr. The LSU and SSU polypeptides rapidly decrease in mesophyll cells during a specific stage in early leaf development, when the leaves are between 5 and 10 mm in length. Changes in accumulation of the RuBPCase transcripts correspond closely to changes in accumulation of the LSU and SSU polypeptides. Therefore, regulation at the level of mRNA transcription or stability are at least partially responsible for changes in the localization of the RuBPCase subunits.
The decrease in mRNA and the decrease in protein accumulation corresponded closely. Because the LSU and SSU proteins decreased rapidly after the disappearance of their corresponding transcripts, this would indicate that these proteins were turned over relatively rapidly in the chloroplasts of mesophyll cells. Although many reports have indicated that the RuBPCase proteins are very stable with half-lives on the order of days (Iwanij et al., 1975; Simpson, 1978; Berry et al., 1986; Ferreira and Davies, 1987) , it is possible that the stability of these proteins in the two cell types is differentially altered between the 5-and 10-mm stages in response to developmental signals. RuBPCase may become selectively turned over in mesophyll cells or selectively stabilized in bundle sheath cells so that different amounts accumulate in the two cell types as the leaves expand and develop.
The pattern of RuBPCase LSU and SSU expression in developing light-grown amaranth leaves differs from that observed during normal leaf development in the C4 monocot maize. In light-grown maize plants, RuBPCase mRNAs and proteins are compartmentalized to bundle sheath cells throughout leaf development (Langdale et al., 1987 (Langdale et al., , 1988a (Langdale et al., , 1988b . In etiolated maize plants, however, LSU and SSU mRNAs and proteins are found in both mesophyll and bundle sheath cells (Sheen and Bogorad, 1985; Langdale et al., 1988b) . RuBPCase gene expression in maize mesophyll cells becomes suppressed when the dark-grown plants are illuminated so that RuBPCase decreases in mesophyll cells and specifically accumulates in bundle sheath cells within 12 hr of illumination. It has been proposed that in maize C3-like expression of RuBPCase represents a "default" state. The more specialized C4-type expression occurs when light, in combination with positional information, suppresses RuBPCase production in mesophyll cells (Langdale et al., 1988b) .
In contrast to the situation in maize, in 5-mm long, early developmental stage amaranth leaves, RuBPCase LSU and SSU genes were expressed in mesophyll cells as well as in bundle sheath cells in the light. Changes in the localization of RuBPCase mRNAs and protein to bundle sheath cell specificity occurred during a period of 24 to 36 hr when the leaves expanded to 10 mm in length. These plants were grown under a standard light regime with 14 hr of light and 10 hr of dark. We observed no correlation between changes in the cellular distribution of RuBPCase and the times during this light cycle when the plants were harvested. The cellular distribution of RuBPCase in amaranth bundle sheath and mesophyll cells was strictly correlated with the developmental stage of the leaves. It is possible that a "default" state of C3-type expression similar to that observed in maize exists initially in very young amaranth leaves as well. The switch from C3-type to C4-type expression of RuBPCase genes in amaranth leaves appears to be induced by developmental signals rather than by light. This difference between amaranth and maize in the degree of light dependence for cell-specific expression of LSU and SSU genes represents a clear difference between these two C4 species and is likely due to basic differences between dicot and monocot leaf development.
PPdK and its corresponding transcripts were both localized primarily to mesophyll cells in the 5-and 10-mm leaves. It is therefore likely that mesophyll-specific expression of PPdK genes in amaranth leaves is due to regulation at the leve1 of transcript accumulation. The cell type-specific localization of PPdK did not change during the time when changes in RuBPCase localization were occurring, suggesting that these mesophyll and bundle sheath-specific genes are regulated independently of each other during leaf development.
An unexpected finding was that RNA transcripts with homology to the amaranth PEPCase gene were present in leaf bundle sheath cells, even though immunolocalization with the PEPCase antibody failed to detect this enzyme in these cells. There are several possibilities to explain why PEPCase RNA transcripts but not proteins were found in the bundle sheath cells. First, these transcripts may encode a nonphotosynthetic form of PEPCase that is not recognized by our antisera. Second, they may represent a population of nonfunctional mRNAs. Third, PEPCase gene expression may be controlled by post-transcriptional mechanisms (RNA processing, translational control, or specific protein turnover). In amaranth, we have already determined that light-mediated RuBPCase gene expression is translationally regulated (Nikolau and Klessig, 1987; Berry et al., 1988 Berry et al., , 1990 , and it is possible that PEPCase gene expression could be regulated post-transcriptionally as well. In addition, we have found there are from 10 to 20 copies per genome of the amaranth PEPCase gene (J. Boinski and J.O. Berry, unpublished results) . Perhaps divergent genes or gene families are expressed differently in bundle sheath and in mesophyll cells. In support of this latter possibility, we have recently found that when sections from leaves greater than 10 mm in length were hybridized to the PEPCase probes and then washed under very high stringency conditions-regular wash plus 0.1 x SSC ( l x SSC is 0.15 M NaCI, 0.015 M sodium citrate), 65OC, 30 min-more specific hybridization to mesophyll cells was observed, although some hybridization to bundle sheath cells was still apparent.
DNA gel blot and dot blot analyses indicate that RuEPCase SSU and PEPCase are encoded by large families (Klessig and Berry, 1983 ; J. Boinski and J.O. Berry, unpublished results) , whereas PPdK gene sequences appear to be present at relatively low copy numbers in the amaranth genome (one or two copies per haploid genome; J. Boinski and J.O. Berry, unpublished results) . The results obtained with the cDNA probes used here may therefore not represent the expression patterns for individual members of these gene families. We are currently investigating in greater detail the expression of individual members of the RuBPCase and PEPCase gene families in the two cell types of developing amaranth leaves.
The results described here and in previous reports indicate that in amaranth the genes encoding RuBPCase and other enzymes of the C4 photosynthetic pathway are controlled at several regulatory levels by both development and environmental signals. We are continuing to examine the mechanisms that control the expression of RuBPCase and other cell type-specific photosynthetic enzymes to understand the development and regulation of C4 capacity in this C4 dicotyledonous plant.
METHODS
Plant Materials and Gmwth Conditions
Seeds of Amaranthus hypochondriacus var 1023 were germinated, and plants were grown in a Conviron growth chamber at 24OC with 14 hrlday illumination at an approximate intensity of 170 to 200 pE m-*s-l. Leaves were harvested from the plants at the appropriate time points.
PEPCase Purlfication
Phosphoenolpyruvate carboxylase (PEPCase) was purified from 4200 g of mature amaranth leaves using a modification of the procedure of lglesias et al. (1986) . Briefly, a 40 to 65O/o ammonium sulfate fraction was applied first to a column oi DEAE cellulose (55 cm in length, 4.5 cm in diameter, pH 7.3). Fractions containing PEPCase activity were pooled and applied to a hydroxyapatite coiumn (50 cm in length, 4.5 cm in diameter, pH 6.9), and finally to a column of Sepharose CLGB (195 cm in length, 2.1 cm in diameter). In addition to monitoring enzyme activity, the purification was followed by analyzing protein purity using SDS-PAGE gels. The purified enzyme had a 10 microscope (Zeiss, Oberkochen, Germany) using a 450-490, FT510, LP520 filter system. specific activity of 20.0 pmol . (mg protein)-I min-' and ran as a single band of -100 kD on SDS polyacrylamide gels.
Clones for C4 Photosynthetic Enzymes
Antibodies Used for Jmmrmolocalization Analysis
Antibodies raised against the large subunit (LSU) and small subunit (SSU) of ribulose-1 ,&bisphosphate carboxylase/oxygenase (RuBPCase) have been described previously (Berry et al., 1985) . Antisera raised against maize pyruvate orthophosphate dikinase (PPdK) was generously provided by W.C. Taylor (CSIRO, Division of Plant Industry, Canberra, Australia). The specificity of this antisera for the amaranth PPdK enzyme was determined by using several criteria. First, when reacted with a protein blot of total amaranth or maize protein, this antisera identifies a single band of 100 kD, the known size of the maize PPdK protein (Hauge et al., 1983) . Second, in immunolocalization analysis, this antisera reacts specifically with mesophyll chloroplasts, where PPdK has been shown to be primarily localized in C4 plants (Hauge et al., 1983; Aoyagi and Bassham, 1985) . Finally, this antisera was used to obtain the amaranth PPdK cDNA clone as described below.
Polyclonal antibodies to PEPCase enzyme were raised in rabbits. Approximately 1 mg of antigen was emulsified with Freunds complete adjuvant and injected intra-and interdermally at multiple sites on the back of each rabbit. Three to four booster injections (0.5 mg protein) followed the initial injection. Booster injections were given at 2-to 4-week intervals, either interdermally with Freund's incomplete adjuvant or intramuscularly without Freund's incomplete adjuvant. The specificity of the antibodies was analyzed by several criteria. First, this antiserum identifies asingle band of -100 kD in protein blot analysis with total amaranth or maize protein and with the purified PEPCase enzyme. Second, in immunolocalization analysis, this antisera reacts only with mesophyll cell cytoplasm, where PEPCase has been shown to be localized in C4 plants. Finally, this antisera was used to obtain the PEPCase cDNA clones as described below.
lmmunolocalization of C4 Photosynthetic Proteins
Leaf samples were fixed in acetic acid/ethanol(3:1) at room temperature for 30 min or by freeze substitution in ethanol at -70% for 7 days. After ethanol and trichloroacetic acid dehydration, the paraffinembedded samples were sectioned to a thickness of 4 to 5 pm using a rotary microtome. Two l 0 " n incubations in xylenes were used to remove paraffin from the samples.
For immunolocalization of C4 proteins in the tissue sections, the following procedure was used. A 1:15 to 1:20 dilution of normal goat serum (Jackson Immunoresearch, West Grove, PA) was first applied, and the slides were incubated for 30 to 60 min at room temperature. A 1:lOO to 1:200 dilution of polyclonal antiserum against RuBPCase LSU, SSU, PEPCase, or PPdK was then applied, and the sections were incubated at room temperature for 15 min. Finally, R-phycoerythrin-conjugated secondary antibody (Sigma) was applied and incubated at room temperature for 10 to 15 min. Washes were done with PBS containing 0.1 to 1% BSA and 0.5% Tween 20. Sections were visualized and photographed using a 20x objective with an Axiovert The RuBPCase clones pAssl (SSU) and pAlsl (LSU) have been described previously (Berry, 1985; Michalowski et al., 1990) .
To obtain clones for PEPCase and PPdK, polyadenylated RNAfrom light-grown amaranth leaves and cotyledons was used to construct a cDNA library in the expression vector 1 Zap II (Stratagene). pApel, a cDNA clone of the amaranth PEPCase gene, was isolated by screening the library with homologous antisera raised against amaranth PEPCase. pApkl, a cDNA clone of the amaranth PPdK gene, was isolated by screening with the heterologous antisera raised against maize PPdK.
pApel is -3.3 kb in length and contains the entire PEPCase coding region as well as 68 nucleotides of the 5' nontranslated region. In RNA blot analysis, this clone hybridized to a single transcript of 3.5 kb. Partia1 sequence analysis indicates that this cDNA has -63% identity at the nucleic acid level with the maize C4 PEPCase clone Zmpepcl (Hudspeth and Grula, 1989) and 74% identity at the nucleic acid level with a photosynthetic PEPCase clone from ice plant (Rickers et al., 1989) .
pApkl is an -3.4-kb cDNA that contains the entire PPdK coding region. In RNA blot analysis, this cDNA hybridizes to a single transcript of 3.5 kb. This clone has been partially sequenced and shows G'O% identity at the nucleic acid level with the published maize PPdK cDNA sequence (Matsuoka et al., 1988) .
In Situ Localization of mRNAs Encoding C4 Photosynthetic Proteins
The following plasmids were used for generating sense and antisense RNA probes. All inserts were in pBluescript SK+ or SK-(Stratagene). For RuBPCase SSU, pBasl contains a 200-bp EcoRl fragment from the central coding region of the amaranth cDNA clone pAssl. For RuBPCase LSU, pBlsl contains a 600-bp Hindlil fragment from the central coding region of the amaranth LSU gene. For PEPCase, pBpe25 contains a 168-bp EcoRI-Hindlll fragment from the 5' portion of pApel. For PPdK, the full-length cDNA clone pApkl was used. Sections were prepared for in situ hybridization analysis according to the methods of Langdale et al. (1987 Langdale et al. ( , 1988a . Sense and antisense transcripts for the various C4 clones were synthesized and labeled in vitro with Digoxigenin-11-UTP (Boehringer Mannheim) using T7 or T3 polymerase. Hybridizations with the Digoxigenin-labeled transcripts were performed according to the methods of Langdale et al. (1988a) at 5OoC overnight. The slides were then subjected to the following series of washes: 2 x SSC (1 x SSC is 0.15 M NaCI, 0.15 M sodium citrate), 1 hr, room temperature; 1 x SSC, 1 hr, room temperature; 0.5 x SSC, 42OC, 30 min (or 0.1 x SSC, 65%, 30 min for high stringency); 0.5 x SSC, 30 min, room temperature. Hybridized transcripts were detected using antidigoxigenin antisera conjugated to alkaline phosphatase in combination with a phosphatase detection system (Boehringer Mannheim) according to the manufacturer's recommendations. Hybridizations were photographed with a BH-2 microscope (Olympus, New Hyde Park, NY) using a 1Ox objective.
